Abstract. The reservoir of Mycobacterium ulcerans causing Buruli ulcer (BU) remains unknown. Here, sterilized watery soil was mixed with 2 × 10 6 colony-forming units (CFU)/g of M. ulcerans Agy99 or M. ulcerans ATCC 33728 and incubated in a microaerophilic atmosphere in the presence of negative controls. Both M. ulcerans strains survived in soil for 4 months with a final inoculum of 300-440 CFU/g. Further, three groups of five mice with and without footpad scarification were exposed to control soil or M. ulcerans-inoculated soil. Although no specific clinical and histopathological lesions were observed in control animals, red spots observed on 8/20 scarified feet in 8/10 challenged mice yielded inflammatory infiltrates and positive real-time polymerase chain reaction detection of M. ulcerans DNA in five mice. BU can be acquired as an inoculation infection with watery soil as a transient source of infection. These experimental observations warrant additional field observations. Moreover, the only environmental M. ulcerans isolate was recovered from a water strider in Benin. 7 These observations suggest a link between BU and stagnant and slow-flowing aquatic environments in West Africa. However, freshwater itself may not be the ultimate source of M. ulcerans. In particular, fishermen who are presumably in frequent contact with water have a lower prevalence of BU than other groups in endemic regions in Africa. 8, 9 In addition, the M. ulcerans inoculum has been estimated to be 100-1,000 mycobacteria/mL in water, based on real-time polymerase chain reaction (RT-PCR) targeting IS2404.
The source of Mycobacterium ulcerans responsible for Buruli ulcer (BU) remains unknown. 1 Epidemiological studies conducted in West Africa traced to stagnant freshwater points. 2 Several studies have reported the detection of M. ulcerans DNA in stagnant freshwater 3, 4 and aquatic environments. 5, 6 Moreover, the only environmental M. ulcerans isolate was recovered from a water strider in Benin. 7 These observations suggest a link between BU and stagnant and slow-flowing aquatic environments in West Africa. However, freshwater itself may not be the ultimate source of M. ulcerans. In particular, fishermen who are presumably in frequent contact with water have a lower prevalence of BU than other groups in endemic regions in Africa. 8, 9 In addition, the M. ulcerans inoculum has been estimated to be 100-1,000 mycobacteria/mL in water, based on real-time polymerase chain reaction (RT-PCR) targeting IS2404. 3 This estimated inoculum level is three to four times lower than the levels reported for major waterborne human pathogens such as Vibrio. 10 We have recently shown that Mycobacterium tuberculosis, a Mycobacterium that is phylogenetically closely related to M. ulcerans, retains its infectivity after an extended stay in soil. 11 We therefore hypothesized that watery soil could be a source of M. ulcerans.
To test the hypothesis, M. ulcerans ATCC 19423 TMT (strain Agy99) and M. ulcerans ATCC 33728 (both obtained from the American Type Culture Collection, Masassas, VA) were cultured in an incubator at 32°C on Middlebrook 7H10 Agar (Becton Dickinson, Le Pont de Claix, France), supplemented with OADC (oleic acid, bovine albumin, dextrose, and catalase) (Becton Dickinson). Natural soil was steam sterilized at 134°C for 15 minutes, and the sterility was then assessed by inoculating 2 g of steam-sterilized soil onto Middlebrook 7H10 Agar incubated at 32°C for 4 weeks. A 20-g sample of sterilized soil was inoculated and mixed with 2 × 10 6 colonyforming units (CFU)/g of each of the two M. ulcerans isolates, placed into 25-cm 2 cell culture flasks (Corning, Corning, NY) and thoroughly mixed. Three flasks were prepared for each M. ulcerans strain. The flasks were placed inside a transparent sterile plastic container where they were exposed to a microaerophilic atmosphere created using a CampyGen atmosphere generation system (Oxoid Ltd., Basingstoke, United Kingdom). Two negative control flasks were used; one containing non-inoculated and sterilized soil and one containing a probe to monitor temperature and humidity. The soil temperature ranged from 18°C to 25°C and its humidity ranged from 47% to 69% during this 4-month experiment. One hour, 1 week, 2 weeks, and every month after the soil infections, a 250-mg aliquot of soil was sampled using a sterile loop and mixed in an Eppendorf tube with 500 μL of sterile phosphate-buffered saline. A 10-fold serial dilution was performed from 10 0 to 10
5
, and 100 μL of each dilution was inoculated onto Middlebrook 7H10 medium and incubated at 32°C. The colonies were observed via autofluorescence, 12 and autofluorescent colonies were counted, 10 days after inoculation onto Middlebrook plates, using the Leica Application Suite Software (Leica, Nanterre, France). The colonies were identified as M. ulcerans after Ziehl-Neelsen staining and RT-PCR targeting of the IS2404 and IS2606
13 insertion sequences and a sequence encoding the ketoreductase B domain, 14 as previously reported. 15 A previously reported M. ulcerans mouse model was used with modifications. 16 The animal model protocol no. 02552.02 was reviewed and approved by the "Comité d'Ethique de Marseille C2EA-14" and "Comité National de Reflexion éthique sur l'expérimentation animale" on November 17, 2014. Fifteen 3-month-old BALB/c female mice, weighing 17-20 g (Charles River, L'Arbresle, France) were housed and acclimated in our laboratory animal facility for a week before exposure to contaminated soil. Each mouse was anesthetized for 1 hour by intraperitoneal injection of ketamine (120 mg/kg) and xylazine (8 mg/kg). The left foreleg and the right hind footpads were scarified with a sterile razor. The mice were randomly allocated to one of three groups. The challenge group A mice (N = 5) were placed in a box containing M. ulcerans Agy99-contaminated soil, the challenge group B mice (N = 5) were placed in a box containing M. ulcerans strain ATCC 33728-contaminated soil, and *Address correspondence to Michel Drancourt, Unité des Rickettsies, Faculté de Médecine, 27 Boulevard Jean Moulin-Cedex 5, France. E-mail: michel.drancourt@univ-amu.fr the control group mice (group C, N = 5) were placed in a box containing non-inoculated soil. The boxes were placed in a ventilated cabinet, and the mice were fed and observed daily. The mice were observed for the appearance of peeling, whole body redness, footpad alterations, displacement, and feeding. The mice from each group were euthanized 30 days after challenge and biopsies were taken of the scarified and inoculated footpads. Each footpad was processed individually. Total DNA was extracted from biopsies using a tissue DNA Extraction Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer and was incorporated in M. ulcerans RT-PCRs as described above. The biopsies were cultured on Middlebrook 7H10 Agar as described above. Histological testing was performed on biopsies fixed with 4% buffered formalin and embedded in paraffin. Serial sections (3 μm) of these specimens were obtained for routine hematoxylineosin-saffron and special stains, including Giemsa, periodic acid Schiff, Grocott-Gomori methenamine silver, and ZiehlNeelsen stains.
Whereas the negative controls remained sterile, the soil seeded with M. ulcerans reproducibly grew M. ulcerans at every checkpoint for each of the two tested M. ulcerans strains. Concerning the M. ulcerans Agy99 strain, the inoculum decreased from 8.8 × 10
5 CFU/g at day 0 to 300 CFU/g at month 4 ( Figure 1) . As for the M. ulcerans ATCC 33728 strain, the inoculum decreased from 11 × 10 5 CFU/g at day 0 to 450 CFU/g at month 4 ( Figure 1) .
The animal study yielded no deaths in any of the three mouse groups, and all animals ate regularly and exhibited normal behavior. As for macroscopic examinations, all of the animals had normal coats and no injuries were observed on the non-scarified legs in either group (Table 1 ). In the M. ulcerans Agy99 strain-inoculated group, red spots were observed on 5/10 scarified feet in 5/5 mice. In the M. ulcerans ATCC 33728 strain-inoculated group, we observed red spots on 3/10 scarified feet in 3/5 mice; one foot exhibited an increased size and was edematous. In both groups, the lesions were observed on the hind scarified feet only. In the control group (group C), we did not observe any specific lesions FIGURE 1. Histogram of changes in Mycobacterium ulcerans inoculum in soil. Blue boxes, M. ulcerans Agy99; red boxes, M. ulcerans ATCC 33728; x axis, time (days), note that x axis was broken after D90 to change the y axis scale; left-hand y axis and right-hand y axis, M. ulcerans inoculum (colony-forming units).
TABLE 1 Summary of experimental procedures and final results
RT-PCR = real-time polymerase chain reaction.
on the scarified feet (lesion 0/10 legs; 0/5 mice) (Figure 2) . RT-PCRs were positive in two M. ulcerans Agy99-inoculated and one M. ulcerans ATCC 33728-inoculated mice whereas negative controls remained negative. Cultures from skin lesion biopsies, however, remained negative. A blind histopathology examination found no specific lesions in the 10 hind feet collected in group C mice (control group), whereas inflammatory infiltrates, composed mainly of neutrophils and foamy macrophages, were observed in the footpads in 5/5 observed hind feet of group A mice (M. ulcerans Agy99) and in 3/5 group B mice (M. ulcerans ATCC 33728) (Figure 3) . No granulomas were observed and no microorganisms were detected when using the special stains.
The proximity of BU patients to wetlands is an acknowledged risk factor for BU. 17 Here, we showed that M. ulcerans can survive in watery soil for at least 4 months. Because the experimental conditions reported here clearly did not take into account the soil complexity in natural settings, the choice of humidity, temperature, and the use of a natural soil aimed to mimic natural conditions in Africa. Indeed, the inoculum we used is in the range of what has been reported in the field. 3 Later, field investigation in Benin detected M. ulcerans DNA in 12/46 (26.1%) soil samples at higher inoculum levels than those measured in the water in the same area. 3 Furthermore, M. ulcerans DNA has been detected in groundwater sources. 3 Under these conditions, we observed a rapid drop in inoculum, indicating that the soil itself is most likely not a reservoir for M. ulcerans. However, these data suggest that watery soil could be a transient infection source.
We tested this hypothesis in an animal model. 16 Mycobacterium ulcerans was not cultured from the lesions but its DNA was reliably detected in three of 10 inoculated footpads by RT-PCR.
The histopathology, marked by macrophagic inflammation, was similar to that described in BU patients. These data indicate that indeed animals acquired experimental BU after scarification and contacts with M. ulcerans-contaminated soil.
Mycobacterium ulcerans is an actinomycete organism, and numerous other actinomycetes, such as Nocardia spp., 18 are known to be responsible for inoculation infection from a soil source; however, even the closely related M. tuberculosis is seldom responsible for tuberculosis inoculations in feet. 19 In conclusion, our observations, combined with previous reports, 16 suggest that soil contaminated with M. ulcerans could serve as a transient infectious source for BU. The observations reported here might prompt field observers to assess whether the soil in regions affected by BU is naturally contaminated.
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